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[11 Observations of SF¢ are used to quantify the mean time since air was in (“mean age”
from) the Northern Hemisphere (NH) midlatitude surface layer. The mean age is a
fundamental property of tropospheric transport that can be used in theoretical studies and
used to evaluate transport in comprehensive models. Comparisons of simulated SF¢ and an
idealized clock tracer confirm that the time lag between the SF¢ mixing ratio at a given
location and the NH midlatitude surface provides an accurate estimate of the mean age. The
ages calculated from surface SFs measurements show large meridional gradients in the
tropics but weak gradients in the extratropics, with near-zero ages at the surface north of
30°N and ages around 1.4 years south of 30°S. Aircraft measurements show weak vertical
age gradients in the lower and middle troposphere, with only slight increases of age with
height in the NH and slight decreases with height in the Southern Hemisphere. There

are large seasonal variations in the age at tropical stations (annual amplitudes around
0.5—-1.0 year), with younger ages during northern winter, but only weak seasonal variations
at higher latitudes. The seasonality and interannual variations in the tropics and Southern
Hemisphere are related to changes in locations of tropical convection. There is qualitative
agreement, in both spatial and temporal variations, between the simulated ages and
observations. The model ages tend to be older than observed, with differences of ~0.2 year

in the Northern Hemisphere upper troposphere and throughout the Southern

Hemisphere troposphere.

Citation: Waugh, D. W., et al. (2013), Tropospheric SF¢: Age of air from the Northern Hemisphere midlatitude surface,
J. Geophys. Res. Atmos., 118, 11,429-11,441, doi:10.1002/jgrd.50848.

1. Introduction

[2] Understanding and modeling tropospheric transport is
important for a wide range of issues, including understanding
and modeling air quality and the distribution of radiatively
important gases and aerosols. Observations of trace gases pro-
vide one of the few ways to quantify transport within the atmo-
sphere. A particularly useful tracer for evaluating large-scale
transport is sulfur hexafluoride (SF¢). Atmospheric SF¢ has
an extremely long lifetime (800-3200 years) [Ravishankara
et al., 1993; Morris et al., 1995] and a large growth rate, and
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SF¢ observations can be used to calculate interhemispheric ex-
change times [e.g., Geller et al., 1997; Levin and
Hesshaimer, 1996] and to evaluate the transport in models
[e.g., Denning et al., 1999; Peters et al., 2004; Gloor
et al., 2007; Patra et al., 2009].

[3] A further use of SF¢ that appears not to have been
explored is to estimate the mean time since air had contact
with the surface layer in the midlatitudes of the Northern
Hemisphere (NH) (mean age from the NH surface). As SF¢
has exhibited a near-linear growth rate over tropospheric
transport time scales of 1-3 years and is emitted predomi-
nantly in NH middle latitudes (91% of emissions are between
20°N and 60°N [EDGAR, 2011]), the time lag between the
SFe mixing ratio at a given location and that at the NH mid-
latitude surface provides an estimate of the mean age from
the NH surface. This relationship will be confirmed in chem-
ical transport model simulations presented below.

[4] As discussed above, several previous studies have
used measurements of the SF, mixing ratio to calculate the
interhemispheric exchange or to evaluate transport in models.
Expressing the SF¢ observations as a mean age presents sev-
eral advantages over analysis of the SFq mixing ratio. From
a theoretical prospective, the mean age is a fundamental prop-
erty of the transport that can be used in theoretical studies and
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Table 1. Surface Stations Used in This Study

ID Station Name Country Network Latitude Longitude
SUM Summit Greenland HATS? 72.6 —38.4
BRW Barrow, Alaska United States HATS® 71.3 —156.6
MHD Mace Head, Galway Ireland HATS 53.3 -9.9
THD Trinidad Head, California United States HATS 41.0 —124.1
NWR Niwot Ridge, Colorado United States HATS? 40.0 —105.5
KUM Cape Kumukahi, Hawaii United States HATS 19.5 —154.8
MLO Mauna Loa, Hawaii United States HATS? 19.5 —155.6
GMI Mariana Islands Guam CCGG 13.3 144.7
RPB Ragged Point Barbados CCGG 13.2 —59.4
CHR Christmas Island Republic of Kiribati CCGG 1.7 —157.1
SEY Mahe Island Seychelles CCGG —4.7 55.5
ASC Ascension Island United Kingdom CCGG —8.0 —14.4
SMO Tutuila American Samoa HATS? —14.2 —170.6
CGO Cape Grim, Tasmania Australia HATS —40.7 144.7
TDF Tierra Del Fuego, Ushuaia Argentina HATS —54.8 —68.3
PSA Palmer Station, Antarctica United States HATS —64.9 —64.0
SPO South Pole, Antarctica United States HATS? —-90.0 —-24.8

Stations with in situ measurements.

idealized models of tropospheric transport. As will be shown
below, the mean age at the surface in southern high latitudes
is similar to the interhemispheric exchange time calculated
from surface measurements. However, the mean age can be cal-
culated for locations throughout the troposphere and provides
more information on transport times than the interhemispheric
exchange time, which only quantifies the transport between
hemispheres. Furthermore, knowledge of the mean age also
has the potential to be useful for understanding the relative roles
of transport and chemistry and for interpretation of observations
of other tracers, e.g., knowledge of the mean age may help con-
strain the mean loss rate of nonconserved tracers.

[s] Recasting SF¢ as an age also presents some advantages
over model-data comparisons of SFg mixing ratios. Previous
comparisons of models with observed SF4 require simula-
tions for the particular years of the SF¢ measurements (which
often vary between measurement data sets), and these simu-
lations may not always be available (or possible) for all
models. By converting to age, the values from different years
can be averaged together to form a climatological data set
that can then be more easily used to evaluate model simula-
tions (assuming interannual variations, such as those related
to El Niflo—Southern Oscillation (ENSO), are small compared
to model-data differences). This will be particularly advanta-
geous for chemistry-climate models that calculate meteorolog-
ical fields internally and do not use meteorology for a particular
year. As the age is calculated relative to the modeled SF¢ con-
centrations, comparing age rather than absolute concentration
may also reduce the sensitivity to the emissions used in the sim-
ulations (i.e., a bias in the mixing ratio in the source regions due
to errors in emissions may not impact the age comparisons as
much as comparisons of mixing ratios).

[6] Here we use surface and aircraft-based measurements
of SF¢ to calculate, for the first time, the mean age from the
NH midlatitude surface. We examine the spatial (latitude
and vertical) and temporal (seasonal and interannual) varia-
tions in this age. We also examine a chemical transport model
simulation of SF to (i) show that the SF¢ age is a good esti-
mate of the actual mean age from the NH midlatitude surface
and (ii) illustrate the value of the observed SF¢ age for eval-
uating the large-scale transport in the model.

[7] The age considered here needs to be distinguished from
SF¢-based estimates of the mean age of stratospheric air
[Harnisch et al., 1996; Patra et al., 1997; Ray et al., 1999;
Engel et al., 2006]. The same concepts are involved but we
consider here transport from the NH midlatitude surface
rather than the tropical tropopause (or tropical surface) as
has been done in previous studies. Furthermore, given the
shorter transport times within the troposphere, there is a
much smaller impact of mesospheric losses or nonlinearity
in the SF¢ growth on the derived tropospheric age. The age
considered here should also be distinguished from the mean
transport time from anywhere on the surface (e.g., the “tropo-
spheric age of air” simulated by Patra et al. [2009]).

[8] The observations, model simulations, and details of the
age calculations are described in the next section. In section
3, the age from surface and aircraft SF¢ observations is calcu-
lated, and the spatial and temporal variations are examined.
In section 4, model simulations are examined and compared
with the observed ages. Concluding remarks are in section 5.

2.
2.1.

[v9] The SF¢ measurements examined here were made by
several instruments operated by groups at the NOAA Earth
System Research Laboratory Global Monitoring Division
(ESRL GMD) and include ground-based, ship-borne, and
aircraft measurements.

[10] The NOAA Halocarbons and other Atmospheric Trace
Species (HATS) group measure SF¢ quasi-continuously from
in situ instruments and from discrete samples collected in flasks,
at 12 stations ranging in latitude from the Arctic to the South
Pole [Geller et al., 1997; Hall et al., 2011] (see Table 1 and
Figure 1). Flask measurements started in 1995 with eight
stations and continue today, sampling at 12 remote loca-
tions. A four-channel gas Chromatograph for Atmospheric
Trace Species (CATS) was developed in 1998 and is currently
deployed at six field sites and makes hourly measurements.
The HATS data used are monthly mean combined flask and
in situ SF¢ measurements from these 12 stations.

Methods

Observations
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Figure 1. Map of locations of ground stations (HATS:
square; CCGG: diamond), ship cruises (asterisk), and aircraft

flights (cross) of SF¢ observations.

[11] The HATS network does not sample within the tro-
pics; however, the NOAA Carbon Cycle Greenhouse Gases
(CCGG) group has made regular SF¢ measurements from
discrete air samples collected at several tropical sites and from
ships crossing the equatorial Pacific [Peters et al., 2004]. We
examine CCGG measurements of SFg4 from the tropical sites
listed in Table 1 (which have long data records covering
1995 or 1997 to 2012), as well as measurements in the eastern
Pacific Ocean from commercial ships (measurements are
made approximately every 5° between 35°S and 35°N, from
1995 to 2012). Monthly mean values are used for the terres-
trial sampling sites, but (given limited sampling for any
given latitude and month) we use individual measurements
for the ship data.

[12] In addition to the above surface measurements, we
consider aircraft measurements made as part of the HIAPER
Pole-to-Pole Observations (HIPPO) project [Wofsy, 2011;
Wofsy et al., 2012]. HIPPO consists of five aircraft campaigns
that measured atmospheric composition approximately pole-
to-pole (~80°N to ~70°S), from the surface to the tropopause,
during different seasons over a 3 year period (January 2009 to

September 2011). Figure 1 shows the flight paths for the first
campaign (similar flights were made for all campaigns).
Several instruments made SF¢ measurements on these flights.
In situ measurements were made using the PAN and Other
Trace Hydrohalocarbon Experiment (PANTHER) [Elkins
et al. 2002; Wofsy, 2011] and the Unmanned Aircraft
Systems Chromatograph for Atmospheric Trace Species
(UCATS) [Moore et al. 2003; Fahey et al. 2006; Wofsy,
2011] instruments, and measurements from flasks collected
with an onboard NOAA whole air sampler (NWAS) were an-
alyzed by the CCGG. (Additional whole air samples were also
taken by the University of Miami but are not included here.)

[13] All the above measurements are reported relative to
the same NOAA 2006 calibration scale. Scale transfer uncer-
tainties are 0.03—0.05 parts per trillion (ppt) prior to 2003,
and approximately 0.02 ppt from 2003 to present. The repeat-
ability of the measurements varies between instruments (and
over time) but is around 0.03—0.05 ppt (16). The SFg mixing
ratio increases from around 2 ppt to 7 ppt between 1990 and
2010, with growth rate of SF varying between 0.20 and
0.30 ppt/yr (~4—7%/yr) (see Figure 2b). So the uncertainty
in the SF¢-derived age is around 0.1-0.2 year.

2.2. Model Simulations

[14] We examine a simulation of SF¢ performed using
the Global Modeling Initiative three-dimensional chemical
transport model [Strahan et al., 2007] driven by meteorolog-
ical fields from the Modern-Era Retrospective Analysis for
Research and Applications (MERRA) reanalyses [Rienecker
et al., 2011] (referred to here as the “GMI-MERRA” model).
The SF¢ simulation was performed with horizontal resolutions
of 2° latitude by 2.5° longitude and 72 levels extending from
the surface up to 0.01 hPa. The SF¢ simulation was spun up
for 8 years and then integrated forward from 1990 using
MERRA fields. The SFg emissions are based on the Emission
Database for Global Atmospheric Research 2000 using the tem-
poral scaling factors in Table 2 of Levin et al. [2010] (assuming
a constant scaling after 2008). The simulations also include
stratospheric and mesospheric loss, which is assumed to be sim-
ilar to that of CFC-115. This results in a global lifetime of
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Figure 2. SFq reference time series. (a) Time series of average SF¢ from surface measurements at the
NWR, THD, and MHD stations (see Table 1). Dashed line is the linear fit to the time series. (b) Growth rate
of time series in Figure 2a; dashed line is average growth rate and thick curve is the time-averaged growth
rate. (c) Difference in time-averaged (23 month smoothed) simulated surface SF¢ between zonal-mean and
station averages (solid) and between land-only and station averages (dashed), see text for details.
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515 years, which is smaller than the estimated lifetime of 800 to
3200 years [Ravishankara et al., 1993; Morris et al., 1995].

[15] We also examine a GMI-MERRA simulation of an
idealized “NH-clock” tracer. This tracer is initially zero
throughout the atmosphere and is held at zero in the surface
layer between 30° and 50°N with a constant aging of 1 year
per year in the rest of the surface layer and throughout the
atmosphere. When the tracer reaches a steady value, it is equiv-
alent to the mean age from the NH midlatitude (30-50°N) sur-
face. The tracer integration was performed from 2004 to 2010,
and we analyze the last year of the integration. (Similar clock
tracers with different reference regions, e.g., tropical tropo-
pause, are used to calculate the stratospheric mean age [e.g.,
Neu and Plumb, 1999] and are also used in ocean studies
(where the resulting age/time is referred to as the “ideal age”)
[e.g., England, 1995].) Comparison of the NH-clock tracer
with the SF¢ simulation shows how well the SF¢ age approxi-
mates the mean time since the air was in contact with the NH
midlatitude surface layer.

2.3. Age Calculations

[16] We calculate the “SFg age” from both the observed and
modeled SFy fields. The age at a particular location, a(x), is
defined as the time since the SF¢ mixing ratio in the “source
region” equaled the mixing ratio at that location, i.e.,

C(x,t) = Co(t — a(x,1)), (1

where C is the SF¢ mixing ratio at location x and C, the
mixing ratio in the source region. If the tracer has a constant,
linear growth rate (dC/d¢), the age can be reexpressed as

(C(x) = Co)

) = 4o jar

@)

[17] Although Equation (2) is a reasonable approximation
for the age, we use Equation (1) in our calculations to take ac-
count of changes in dCy/d¢ over time.

[18] There are several factors that cause uncertainties in the
SF¢ age calculation. One is the definition of the reference
source time series Cy. Ideally, the mixing ratio of the age tracer
is uniform within a particular source region, and C, would be
the time series of this uniform mixing ratio. However, the
emissions of SF¢ are not uniform, and the average mixing ratio
over a specified region has to be used instead. A further com-
plication when applying this to observations is that long-term
measurements of SFg are available from only a few NH mid-
latitude sites, and it is not possible to calculate an observation-
ally based area average reference time series.

[19] In the age calculations from SFg observations, we use
the average mixing ratio from the three HATS northern midlat-
itude stations: Mace Head (MHD), Trinidad Head (THD), and
Niwot Ridge (NWR) stations (Table 1 and see Figure 2a).
MHD and THD are coastal stations (western Ireland and
USA, respectively), and NWR is a high-altitude station within
the continental USA

[20] For the age calculations using the simulated SFy, it is
possible to calculate many different reference series, as we
have SFg values at all grid locations. Figure 2c shows the dif-
ference in simulated SFg mixing ratio between three refer-
ence series: the average of surface values over the location
of the above three stations (“station” reference), the average
surface value over 30-50°N (zonal mean), and the average

over land within 30-50°N (land only). The land-only SFg is
larger than the zonal-mean average, which is in turn larger
than the average over the stations. These differences occur
because the source regions of SF¢ are over land (so the
land-only average is larger than the zonal mean) and the sta-
tions are either coastal or high-elevation locations that are not
near the major source regions. The differences between the
references change with time (e.g., are larger in 2005-2010
than in 1995-2000), because of changes in the spatial distri-
bution of emissions over time.

[21] Fora given observed SF¢ mixing ratio, the use of a ref-
erence time series with higher values results in an older age
(i.e., there is a larger elapsed time since the observed value
occurred in the source region). For example, the use of a ref-
erence time series with values larger by 0.04 ppt will, assum-
ing an approximate SF¢ growth rate of 0.3 ppt/yr, increase the
calculated age by around 0.13 year. The approximate differ-
ence between the references time series shown in Figure 2¢
is around 0.04 ppt around 2010 and the growth rate is around
0.3 ppt/yr (Figure 2b), so we expect the use of the different
reference time series to causes differences in calculated SF¢
age by around 0.15 year.

[22] When comparing the age from the SF4 simulation
with the age from observations, we use the station reference
times to calculate the age (so there is consistency between
the age calculations), whereas for comparisons with the ideal-
ized NH-clock tracer (which has a uniform source covering
30-50°N), we use either the zonal-mean or the land-only ref-
erence time series.

[23] Another cause of uncertainty in the age calculation is
the nonlinear growth of the mixing ratio in the source region.
Figure 2a shows that the increase in SF¢ mixing ratio is close
to linear. However, there are seasonal as well as longer time
scale variations in the growth (see Figure 2b). These varia-
tions can be related to changes in the SF¢ emissions. For ex-
ample, there was decrease in annual-mean emissions from
around 1995 to around 2000, with an increase in subsequent
years [e.g., Levin et al., 2010], and there is corresponding
change in the annual-mean SF4 growth rate (Figure 2b).
The impact of these nonlinear variations is discussed below
and in Appendix A.

24.

[24] As several previous studies have calculated an
interhemispheric exchange time 7., from surface measure-
ments of SF¢, we briefly discuss the relationship between
the SF¢ age and z.,. The interhemispheric exchange time
Tex Can be written as [Patra et al., 2009]

E, E,dC, dC,
ex — A - 1 - - 5
t C(ES + )/ (E dr dr ) ®)

where C is the hemispheric mean tracer mixing ratio (“n” and
“s” refer to averages over the Northern and Southern
Hemispheres, respectively), E is the hemispheric tracer emis-
sion, and AC=C,, — C,. As the NH sources are 97% of total
SF¢ emissions and atmospheric SFg is very long-lived, E, >>
E,, dCy/dt =~ dC,/dt =~ constant, and

Interhemispheric Exchange Time

AC

Tex ~ M (4)
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Figure 3. Latitudinal variation of climatological-mean sur-
face SFg age calculated from measurements at ground stations
(HATS: square; CCGG: diamond) or ship cruises (asterisk).
Vertical bars show £1 standard deviation. Red curves show sur-
face SF¢ age at 180°W from the GMI-MERRA model (solid
curve is mean and dashed curves are+1 standard deviation).

[25] Inthe above expressions, C is the mean mixing ratio av-
eraged over one hemisphere (or equivalently the hemispheric
mass of the tracer). However, measurements of SFg are gener-
ally not available throughout the troposphere, and previous
studies have generally used measurements of surface mixing
ratios as estimates of C,, and C [e.g., Geller et al., 1997,
Levin and Hesshaimer, 1996; Patra et al., 2009]. There are
larger interhemispheric gradients at the surface than at higher
altitudes (see below), and the use of surface mixing ratios for
C results in an overestimate of 7., [Denning et al., 1999].
However, to enable comparisons with previous observational
estimates, we consider surface-based calculations of 7.

[26] If we replace C in 4 with mean surface mixing ratios
and, in addition, assume (i) the NH average mixing ratio is sim-
ilar to that of the source region used for SF¢ age calculations
here, i.e., Cy~C,, and (ii) C in southern middle-high latitudes
is similar to the Southern Hemisphere (SH) average, then 4 re-
duces to 2. This implies that the SF age at SH high latitudes
will be similar to calculations of 7., based on surface measure-
ments. An exact correspondence between the age and 7.y is not
expected as both 2 and 4 are approximate expressions.

3. Observations of SF¢

[27] We first examine the age calculated from surface SFg
measurements. The symbols in Figure 3 show the 1997-2011
climatological mean ages for the stations shown in Figure 1
(and listed in Table 1). The observations from different stations
and networks generally agree well and show a consistent pic-
ture. (There is a significant difference in age between the two
Hawaiian stations (19.5°N), which is due to differences in alti-
tude of the stations, with higher ages at the higher MLO station
(elevation around 3400 m).) The observations show very weak
meridional age gradients in the extratropics of both hemispheres
but a large gradient within the tropics. In northern middle and
high latitudes, the age is very close to zero, and there is a large
increase in the age between 30°N and 30°S, with age ~1 year at
the equator and ~1.4 years in the southern extratropics.

[28] There is some sensitivity of the absolute value of the
age to the reference time series used in the age calculations.

The slightly negative mean values for the age at most of the
NH middle and high latitude stations shown in Figure 3 are
due to the inclusion of the higher altitude NWR data in the
reference time series. If NWR were not included, the refer-
ence SF¢ would be higher and the age at other stations would
be closer to zero. (Note that we have included NWR in the
calculation of the reference time series as it represents the
longest data record in the northern midlatitudes.)

[20] The latitudinal variations shown in Figure 3 are con-
sistent with previous studies that have shown near-uniform
high surface SF¢ mixing ratios in NH middle and high lati-
tudes, and significantly lower values in SH middle and high
latitudes [e.g., Denning et al., 1999; Peters et al., 2004;
Gloor et al., 2007]. Furthermore, the ages of 1.3—1.4 years
in SH middle and high latitudes are also consistent with pre-
vious estimates of 7., = 1.3—1.5 years from surface SF¢ obser-
vations [e.g., Geller et al., 1997; Levin and Hesshaimer,
1996; Patra et al., 2009].

[30] Figure 3 shows the climatological mean SF4 age,
but there are also seasonal and interannual variations. These
can be seen in Figure 4, which shows the evolution of the
SF¢ age at several stations. We focus here on stations south
of 20°N, as the age at higher latitudes is close to zero and
sensitive to the reference time series used. The seasonal var-
iations in the age are largest within the tropics: The peak-to-
peak amplitude in the climatological mean seasonal cycle
varies between 0.4 and 0.8 year for tropical stations, whereas
the peak-to-peak amplitude is around 0.15 year or less for sta-
tions outside the tropics (see Figure 5). While the seasonal var-
iations are largest in the tropics, the seasonal amplitude is not
simply a function of distance from the equator. The largest sea-
sonal amplitude occurs at Mahe Island, Seychelles (SEY; 5°S),
and the amplitude here is roughly twice that at the Christmas
Island equatorial station (CHR; 1.7°N). Also, there is a differ-
ence in the two stations near 13°N (GMI and RPB). The large
seasonal variations of SFy at these stations were described by
Gloor et al. [2007] and related to the seasonal movement of
the Intertropical Convergence Zone (ITCZ; see Figure 8 be-
low). At all tropical stations, the seasonal minimum age occurs
during NH winter, when the ITCZ is south of the stations and
there are northerly surface winds (and more rapid transport
from NH midlatitudes). The seasonal variation at SEY is larger
because the seasonal variation in the latitude of the ITCZ is
larger than at the longitudes of the other stations. See further
discussion below in the modeling section.

[31] At all stations, there are interannual variations in age
(Figure 4). Within the tropics, the amplitude of these variations
is smaller than the seasonal variations (Figure 5), but at south-
e middle and high latitudes, the multiyear and seasonal var-
iations are comparable. There are some similarities among the
multiyear variations at different stations, with most stations
showing local minima around 2000 and 2008. Previous stud-
ies have noted a connection between observed variations of
trace species at Samoa and the El Nifio—Oscillation (ENSO)
[e.g., Elkins et al., 1993; Prinn et al., 1992], and the modeling
study of Lintner et al. [2004] showed faster interhemispheric
transport during La Nifia winters (December—February). As
2000 and 2008 correspond to periods of the negative ENSO
phase (La Nifia), the minima in the time-averaged age around
these periods are consistent with a possible connection be-
tween age and ENSO. This is explored further below using
the model simulation.
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Figure 4. Temporal variations of SF4 age at several surface locations for observations (black) and model
(red). Plots titles list ID, latitude, and longitude of the locations. Thick curves show 23 month running mean
values. Model values are for lowest level in the model (and values are same for KUM and MLO).

[32] A complication with the interpretation of the temporal
variations in the SFg age is the possible impact of nonlinear
variations in the reference SF¢ time series. The temporal var-
iation in SF¢ within the source region is not exactly linear
(Figure 2), and, as discussed in Waugh et al. [2003], nonlin-
earities in the tracer history can cause temporal changes in the
tracer time lag (age) even for steady flow. As discussed in
Appendix A, the observed seasonal and interannual varia-
tions in the tropics are unlikely to be caused by nonlinearities
in SFg growth, but some of the multiyear variations in SFg
age at middle and high southern latitudes may be artifacts
of these nonlinearities.

[33] We now examine vertical variations in age using
HIPPO data. Figure 6 shows vertical profiles of the age for
HIPPO-1 (January 2009) data in different latitude bins.

The in situ measurements are averaged within 2 km bins,
but because there are fewer whole air sample measure-
ments, these are shown as individual points. There is good
agreement among the three aircraft instruments, with all
showing the same vertical and latitudinal variation in SFg
(age). There is also good agreement with the surface station
measurements (not shown).

[34] There are very weak vertical gradients in age below
8 km except in the northern subtropics, where there is a mod-
erate increase in age with height (~0.5 year over the lowest
4 km), consistent with the differences in age between the two
Hawaiian surface stations (see above). Although the vertical
gradients are weak, there is a slight change with latitude, with
positive age gradients (older air aloft) in the NH (especially
around 20-30°) and negative gradients south of 20°S. This
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Figure 5. Climatological seasonal cycle of SF¢ age at the same surface locations as shown in Figure 4 for
observations (black) and model (red). Symbols show the deviation of the climatological mean for each
month from the climatological annual mean, while vertical bars show +1 interannual standard deviation.
Data and model output from 1998 to 2010 used for all calculations.

means that the meridional age gradients in the lower and mid-
dle troposphere are similar to that observed at the surface but
weaken with height.

[35] Larger vertical gradients are found above 8 km in mid-
dle and high NH latitudes and high SH latitudes. These gradi-
ents are associated with the transition from upper tropospheric
to (older) lower stratospheric air. The increase to large values
occurs at lower altitudes for higher latitudes, consistent with
a lower tropopause (see horizontal lines in Figure 6) and older
stratospheric air at high latitudes.

[36] The spatial variations shown in Figure 6 are robust
among instruments and measurement campaigns. Similar
weak vertical gradients are found for SFg measurements from
the three different instruments and for all HIPPO cam-
paigns. Weak vertical gradients in SF¢, which change sign
between hemispheres, are also observed in the long-term

aircraft measurements made by the NOAA CCGG group
(in Alaska, Harvard Forest, Hawaii, and Rarotonga) [see, for
example, Peters et al., 2004, Figure 5; Gloor et al., 2007,
Figure 7]. Furthermore, upper tropospheric (~10 km) SF¢ mea-
surements on commercial aircraft flying between Germany
and South Africa show a meridional gradient that is around
half of that at the surface [Gloor et al., 2007], consistent with
the HIPPO data.

[37] The variations in age described above are consistent
with our understanding of the large-scale tropospheric trans-
port. There is rapid mixing between surface and middle tro-
posphere in the northern extratropics (weak horizontal and
vertical age gradients in the extratropical lower and middle
troposphere), slower transport between hemispheres (larger
tropical and subtropical gradients), and more rapid transport
into the southern extratropics via the upper troposphere than
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Figure 6. Vertical profiles of SF¢ age from HIPPO-1 (January 2009): UCATS (black), PANTHER (green),
and CCGG whole air samples (blue symbols). Red curves are age at 180°W from the model. Horizontal dashed
lines show the tropopause (for tropical and subtropical latitudes, the tropopause is above 14 km).

near the surface (younger age aloft at southern midlati-
tudes). There is also significant transport of stratospheric
air into the extratropical upper troposphere (older air in
the upper troposphere).

4. Simulations of Tropospheric Age

[38] We now consider the GMI-MERRA simulation of
SFs. We first test how well the age inferred from simulated
SF¢ matches the simulation of the clock tracer and then com-
pare the simulated SF¢ age with observations.

4.1.

[39] Figure 7a shows pressure-altitude variations of the
simulated annual and zonal mean SFg4 in 2009. The highest

Comparisons With Clock Tracer

values of SF¢ occur at the Northern Hemisphere middle and
high latitude surface, and there are decreasing surface values
with more southerly latitudes. The vertical gradients change
with latitude, with negative vertical gradients in the NH, very
weak vertical gradients in the tropics, and positive vertical
gradients in southern midlatitudes. These spatial variations
of SF¢ are similar to those in previous SF¢ simulations [e.g.,
Denning et al. 1999, Patra et al., 2009].

[40] The distribution of the SF4 age (solid contours) and
clock tracer (dashed contours) is shown in Figure 7b. There
is good agreement between the clock and SFg ages, with both
showing similar spatial variations to the SF¢ concentration,
except with reversed sign of the gradients. In both calcula-
tions, there is a large increase in the surface age between
30°N and 30°S, with weaker meridional gradients in the
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Figure 7. Simulations of SF¢ (solid curves) and clock tracers (dashed). (a) Annual-mean zonal-mean SFg
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20°S (red), and 40°S (black), for SF¢ age relative to (c) zonal-mean and (b) land-only reference regions.

middle and upper troposphere. Also, in both age fields, there
are positive vertical gradients in the NH and negative vertical
gradients (upper troposphere younger than surface) in the
SH, with strongest vertical gradients in the northern subtrop-
ics. The mean age shown in Figure 7b also agrees well with
the mean age simulation shown in Figure 5 of Holzer and
Boer [2001], with similar vertical and meridional gradients.
The age in the Holzer and Boer [2001] simulation tends,
however, to be around a year older. This could be due to dif-
ferences in the models or to a more polar source region in
their simulation (north of 45°N rather than 30—50°N).

[41] While there is good agreement between the clock and
SFg ages in Figure 7b, the SF¢ age is systematically younger
than the clock in the SH. This is shown more clearly in
Figure 7c, which compares vertical profiles of the zonal-
mean age at several latitudes. As discussed in section 2.3,
a complication in the SF4 age calculation is the reference
time series used. In Figures 7b and 7c, we have used the
zonal-mean SF¢ averaged between 30 and 50°N, but if the
land-only average is used, the calculated SF¢ age is older
by around 0.1-0.15year (consistent with discussions in
section 2.3) and the SF¢ age is now older than the clock in
the NH but agrees well in the SH (see Figure 7d).

[42] The SFg4 simulation includes stratospheric and meso-
spheric loss that reduces the SF¢ mixing ratio and increases
the SFg age. The comparison with the clock tracer indicates
this has a negligible impact within the troposphere but does
have an impact in the stratosphere where the SF4 age (for
both reference time series) is systematically older than the
clock tracer (not shown).

[43] The overall good agreement between the tropospheric
age from the simulated SF¢ and the clock tracer indicates that
the age from SF¢ is a good estimate of the mean age of air
from the NH midlatitude surface. There is a small uncertainty
in the age of around 0.10-0.15 year due to spatial variations
in the surface SF¢ in NH midlatitudes.

4.2. Comparisons With Observations

[44] We now use the SFy observations to evaluate the
transport time scales within GMI-MERRA. For these com-
parisons, we use a reference time series formed by averaging
the simulated SF¢ mixing ratio at the location of the NH mid-
latitude stations. As discussed in section 2.3, this average is
less than the NH midlatitude average used for the above com-
parison with the clock simulation (as the stations are mostly
at locations away from main emission regions), which results
in lower values of the SF¢ age.

[45] Overall, there is good qualitative agreement in the spa-
tial variations of the SF¢ age between the model and observa-
tions. As in the observations, there are strong north-south
gradients in the modeled age within the tropics but weak me-
ridional gradients in middle and high latitudes (see red curves
in Figure 4). (As most of the observations are from the Pacific
Ocean or other oceans, the model ages shown are those at
180°W.) Also, the model age has weak vertical gradients,
with positive vertical gradients in the NH and negative gradi-
ents in the SH (Figure 6). There are however some quantita-
tive differences, with the model ages older than observed,
both in the northern middle upper troposphere and through-
out the Southern Hemisphere. In the Northern Hemisphere,
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the vertical gradients in the middle troposphere are generally
larger than observed, and the upper tropospheric age is older
than observed. In the southern extratropics, the SF4 age in the
model is around 0.2-0.3 year older than observed, for all al-
titudes. Whether this bias is because the simulated transport
within the troposphere is too slow or because there is too
much transport of (old) stratospheric air into the troposphere
(or a combination of both) is not known.

[46] While there are differences in the absolute magnitude,
there is very good agreement between observed and simulated
seasonal variations of the SF¢ age, both in terms of timing
of seasonal maximum and annual amplitude (see Figure 5).
This suggests that the GMI-MERRA is correctly simulating
seasonal variations in transport through the tropics.

[47] As discussed in section 3, seasonal variations in SFg
have been linked to the movement of the ITCZ [Gloor et al.,
2007]. We explore this further using the GMI-MERRA simu-
lation. Figure 8 shows maps of climatological mean simulated
SF¢ age together with precipitation and surface winds from
MERRA, for four different months. In general, there are large
meridional age gradients at latitudes with large precipitation
and surface convergence, with young ages to the north and
older ages to the south of the region of precipitation. (There
is good agreement between precipitation from MERRA and
the Global Precipitation Climatology Project (GPCP) [Adler
et al., 2003], and the same correspondence between age gradi-
ents and precipitation is found using the GPCP data.) The

latitude and strength of the age gradients varies between re-
gions and with season. The largest seasonal variation in lati-
tude of the precipitation and in the direction of surface winds
occurs over the Indian Ocean. Consistent with this, there is
a large seasonal cycle in SFg age at SEY: For around half of
the year, SEY is north of the ITCZ, while for the remainder,
it is south of the ITCZ. There is only weak seasonality in lo-
cation of convection over the eastern Pacific, but there is sea-
sonality in the strength, with corresponding variation in age
gradients (i.e., weaker convection and weaker age gradients
during January). More analysis is needed to determine the
exact processes involved, but these maps suggest that sea-
sonal variations in the surface convergence and convection
explain most of the seasonality in surface age.

[48] There is less agreement between the observed and
simulated multiyear variations in age. For some stations,
there is good agreement (e.g., MLO and SMO) whereas for
others, there are large differences (e.g., late 1990s in tropical
stations; see Figure 4). The cause for these differences is un-
known. Errors in the model transport are the likely cause.
However, comparisons of MERRA and GPCP precipitation
indicate that the MERRA reanalyses are capturing the correct
interannual variations in the ITCZ. It is possible that some of
the differences could also be due to changes in the measure-
ments. In particular, the calibration strategy for the CCGG
SF¢ measurements changed in the early 2000s and the uncer-
tainty in the data prior to 2005 is larger than that for more
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Figure 9. Maps of simulated surface SF¢ age (colors) and reanalysis precipitation (black contours) for
average over (a) January 2000, 2008, and 2009, and (b) January 2003, 2007, and 2010. Same contouring
as in Figure 8. (c) Difference between Figures 9a and 9b, with thin (thick) contour showing regions where

difference is significant at the 5% (1%) level.

recent data. This could potentially explain the lower age
values before and around 2000 in the CCGG data (GMI to
SEY stations).

[49] As discussed above, interannual variations in the
abundance of trace species in the tropics and subtropics have
been linked to ENSO. To explore this, we compare compos-
ite fields for La Nifia and El Nifio years. Figure 9 shows maps
(over the tropical Pacific) of GMI-MERRA SF, age and
GPCP precipitation for January average over (a) three La
Nifa years (2000, 2008, and 2009) and (b) three El Nifio
years (2003, 2007, and 2010). As expected, there is more pre-
cipitation over the tropical eastern Pacific during El Nifio
years (i.e., convection and ITCZ extend farther to the east).
There is a corresponding difference in the age over the east-
ern Pacific, with stronger meridional gradients, younger ages
in the northern tropics, and older ages in the southern tropics
during El Nifio (see Figure 9c). Given that there are only three
El Nifio and three La Nifia winters, most of the differences in
Figure 9c are not statistically significant (the contours show
the regions where the differences are statistically significant
at the 1% or 5% level), and more analysis is required to better
quantify the impact of ENSO on the age.

5. Concluding Remarks

[s0] Using surface and aircraft SFs measurements, we have
estimated the mean time (age) since air was at the NH midlat-
itude surface. The observations show large surface meridional
gradients in the tropics but weak gradients in middle and high
latitudes, with ages ~0 year north of 30°N and ~1.4 years south
of 30°S. There are very weak vertical gradients in the lower

and middle troposphere, with only a small increase of age
with height in the NH and slight decreases with height in the
SH. As a result, the large-scale meridional gradients in the
lower and middle troposphere are similar to that at the surface.
Significant vertical gradients are found only in the upper tropo-
sphere/lower stratosphere.

[s1] The SF¢ observations show some temporal variations
in age. There are large seasonal variations (annual amplitudes
around 0.5—-1.0 year) at tropical stations, with younger ages
during northern winter. There are much weaker seasonal var-
iations in the subtropics and higher latitudes, but there are co-
herent multiyear variations in the age observed at SH surface
stations with a tendency for younger ages during La Nifia
years. Both the seasonal and ENSO variations in age appear
linked to movement of the ITCZ, with younger ages (more
rapid transport from NH midlatitudes) when the ITCZ is
south of the station.

[52] The observations of the tropospheric age presented
here are useful for evaluating the transport in models. This
has been illustrated by comparison with simulations by the
Global Modeling Initiative model driven by MERRA meteo-
rological fields. There is qualitative agreement between the
model and observed ages, but the model ages tend to be older
than observed. Unfortunately, the cause of this bias in the
simulated ages is unknown. The mean age is a diagnostic
of integrated transport and, in general, cannot be linked to a
single process. There are several possible factors that could
be contributing to the bias: The transport out of the boundary
layer or within the free troposphere could be too slow in
the GMI-MERRA simulation, or it could be because there
is too much transport of (old) stratospheric air into the
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Figure 10. Temporal variations of SF4 age at several surface locations for observations (black curves) and
calculations of SF¢ assuming steady flow with age spectra given by IG distributions with A= T" (red).

troposphere (or a combination of all three). Whether this
bias occurs in other models is unknown, and it will be of in-
terest to perform similar comparisons for other simulated
meteorology, including that of chemistry-climate models
(e.g., within the Stratospheric Processes and Their Role
in Climate/International Global Atmospheric Chemistry
Chemistry-Climate Model Initiative). This will help evalu-
ate the mean large-scale transport in these models, and may
also be useful for studies of variability in tropospheric
transport (e.g., seasonal and interannual variations in the
transport between hemispheres).

[53] This study has focused solely on SFg_but there are also
measurements of other tracers that could provide additional in-
formation on transport time scales. In particular, tracers with
rapid, nonlinear growth and/or varying tropospheric lifetimes
(e.g., CFC replacement gases or nonmethane hydrocarbons)
could provide constraints on the distribution of transit times
from the NH midlatitude region. We have also considered only
transport from NH midlatitudes, and tracers with different
sources may provide constraints of the transport times from
other regions.

Appendix A: Impact of Nonlinearities on SFq Age

[s54] We examine here the potential impact of nonlinear-
ities in the SF¢ growth rate. Although the reference SF¢ time
series is approximately linear, the growth rate varies on both

seasonal and interannual time scales (see Figure 2). These
nonlinearities in the reference time series can cause temporal
variations in the SF¢ age even if there are no temporal varia-
tions in the transport time [see Waugh et al., 2003].

[s5] We generate synthetic time series of SF¢ (and SF¢ age)
assuming there is steady flow with an age spectrum G(¢)
given by an inverse Gaussian (IG) distribution. Specifically,
the SF¢ concentration time series is given by

C(r) = _[:Co (r—7)G(7)dr,

where Cy(?) is the reference SF¢ time series,

3 _ _
G() =/ 47:;29 exp I WZ)

an’e \

I' is the mean age, and A the width of the spectrum. IG distri-
butions are the age spectra for one-dimensional flow with con-
stant advection and diffusion (or one-dimensional flow with
mass-weighted diffusion) and have also shown to be a reason-
able approximation of the age spectra in three-dimensional
models [Waugh and Hall, 2002]. Furthermore, similar syn-
thetic tracer calculations have been performed in the context
of stratospheric chlorine [Waugh et al., 2001] and ocean trans-
port and carbon uptake [e.g., Waugh et al., 2004].

[s6] The red curves in Figure 10 show the evolution of
the SF¢ age from the synthetic SF¢ generated using 1G
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distributions for the age spectra, where the mean age and
width of the spectra are equal to the time-mean SF¢ age from
stations. (Equation 1 is used for the age calculations and no
assumption regarding linear growth is made.) Although the
transport is steady, there are temporal variations in the syn-
thetic SF¢ age. These temporal variations can be traced back
to variations in the reference time series (Figure 2). During
periods where the tracer growth rate increases (decreases)
with time, the tracer age will decrease (increase) even if the
transport is steady. The growth rate of SF¢ (in NH middle lat-
itudes) increased between 1998 and 2008, and decreased be-
fore and after this period (Figure 2). Consistent with this,
there is general decrease in synthetic SF¢ age between the late
1990s and late 2000s in the age spectra calculations for older
mean ages.

[57] For locations with SFg age less than a year, the ampli-
tude of the temporal variations in the synthetic SF¢ age is much
smaller than variations in the observed SF¢ age (black curves
in Figure 10), and the observed seasonal and interannual vari-
ations in the tropics are unlikely to be caused by nonlinearities
in the SF4 growth. However, for older ages (southern subtrop-
ics and higher latitudes), the variations are of similar magni-
tude to those for the observed SFg age at SH middle and
high latitudes. Hence, for these stations, the temporal varia-
tions in the SF¢ age due to nonlinearities in the reference time
series could be contributing to some of the temporal variations
in the observed SF age.
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